


The Earth’s Greenhouse Effect

Only a small amount of the heat
energy emitted from the surface
passes through the atmosphere
directly to space. Most is absorbed
by greenhouse gas molecules and
contributes to the energy radiated
back down to warm the surface and
lower atmosphere. Increasing the
SP. A CE concentrations of greenhouse gases
increases the warming of the surface
and slows loss of energy to space.

About 30% of incoming
solar energy is reflected
by the surface and the

ool atmosphere.

absorbed at the sun
evaporates water, ¢
most importa
gas to the atm
When this water
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storms ang

What happens
to the heat?



Where is global warming going?

Atmosphere
2.3%

Continents
2.1%

® Greenland Ice Sheet
0.2%

Antarctic Ice Sheet
0.2%



Church et al., GRL, 2011

Table 2. The Earth’s Heat Budget® (X 1021 J)
2 : R
Assumed 0.9 W/m? based on comparison Component 19722008 19932008
with biased XBT-based estimates Of OHC B

Shallow ocean (0—700m) 112.6 459
Deep ocean (700-3000m) 49.7 20.7
Abyssal ocean (3000m-bottom) 30.7 12.8
GLOBAL NET ENERGY BUDGET Total ocean storage 193.0b 79.4

Glaciers (Latent only) 3.0 1.7

, . . Net radiation Antarctica (Latent only) 1.4 0.8

) Total net energy change including melting \ Greenland (Latent Only) 07 0.6
o | o Sea ice 2.5 1.0
W2 \ S Continents 4.7 2.0
e Atmosphere 2.0 1.2

Total other storage 14.2 7.3
Total storage 207.2 86.7

'2010

Arctic sea ice, Greenland, Antarctica, glaciers
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Where does the energy go? (A) Estimated rates of change of global energy. The curves are heavily smoothed " : . n"n
and somewhat simplified. From 1992 to 2003, the decadal ocean heat content changes (10) (blue), along m |SS l ng ener.gy ?

Trenberth & Fasullo, Science, 2010




Ocean Warming in
the past two decades

O0-750 m Ocean Heat Content .
Bias-corrected XBTs

included in estimate
since 1993

Was there a slowdown
In ocean warming
during the 2000s?
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s Upper Ocean Heat
Content Anomaly
estimates from four
international groups
demonstrate
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o Agreement on
large heat gain of
the upper ocean
over decadal time-

o

Scales —20-

Larger uncertainty
iIn 1990s owing to
variations in XBT
bias corrections

Increased
certainty of
estimates
-100

post-2004 (Argo) 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013
Time [years]
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0-700 m Heat Content Anomaly [zeta—joules]

-80

Johnson et al. (2013)

Global Oceans: Heat Content

in State of the Climate in 2012

Bull. Am. Met. Soc., 94, 8, S50-S53




Correcting the Historical Record of
Thermosteric Sea Level Rise
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Biases in XBT
observations
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From Johnson & Wijffels, Oceanography, 2011



Global Sea Level Budget
Ocean Warming

Different approaches
to correcting XBT
biases yield different
results:

— Beph o XBT biases remain!
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Given the uncertainties, perhaps the
“slowdown" is not robust...

From Lyman et al., Nature, 2010



Upper Ocean vs Deep Ocean

Anti-correlation between
upper & deep OHC in ECHAMS
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From Katsman van Oldenborgh, GRL, 2011



Deep Warming
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Ensemble member

110-yr cooling
intervals

°K per decade
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a ea Level Rise
and
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Satellite Observations
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Global Sea Level Rise

addition of heat addition of freshwater Total sea level rise

E +

1/2 to 1/3 of total

5 mm of thermosteric sea level rise = 3 x 1022 J of OHC



Sea level (mm)

a

= Sea Ievel:'(TGs) + uncert‘ainty
= = Sea level (Sat-Alt)

=== ThHermal (fuII depth)

— Glauers & Ice Caps
oo Greenland Ice Sheet

m arctic:Ice 'Iw—

== Terrestrial storage

Sea level (mm)

=20 =20

1980 1990 2000 2010
Year

1960 1970

Good understanding of the

causes of Sea Level
since ~1970

From Church et al., GRL, 2011

b

= Sea level':(TGs) N uncert'ainty
= = Sea level:(Sat-Alt) :
— Sum of comps + uncertamty

Table 1. The Sea-Level Budget®

The Recent
Sea Level

mm/yr

Component

1972 — 2008

1993 — 2008

Total s.I. (t.g. only)
Total s.I. (t.g. + sat)

1960

Shallow thermal (0—700m)
Deep thermal (700-3000m)
Abyssal thermal (3000m-bottom)
Total thermal (full depth)
Glaciers & Ice Caps

Greenland Ice Sheet

Antarctic Ice Sheet

Land ice (G&IC, GIS, AIS)
Thermal (full depth) + Land ice
Dam retention

Groundwater depletion

Natural terrestrial storage

Total terrestrial storage

Total mass contributions

Total thermal + Mass

1980 199
Year

1970

Rise

Residual (t.g. only)
Residual (t.g. + sat)

1.83 + 0.18°
2.10 = 0.16

2.61 £ 0.55
3.22 £ 0.41

0.07 +£0.10
0. 1() + 0.06

() 67 + () ()3
0.12+0.17
0.30 £ 0.20
1.09 = 0.26
1.89 + 0.30

—0.44 + 0.15

0.26 + 0.07
0.07 +0.10

-0.11 = 0.19

0.98 + 0.33
1.78 + 0.36

0.05 £+ 0.40
0.32 +0.39

() 99 + 0.04
0.31 £0.17
0.43 +0.20
1.73 £ 0.27
2.61 = 0.42
—0.30 + 0.15
0.35 £ 0.07
-0.14 + 0.10
—0.08 = 0.19
1.66 = 0.33
2.54 + 0.46

0.08 = 0.72
0.69 = 0.62




Measuring the World's Oceans

addition of heat addition of freshwater Total sea level rise

Argo

Jason



obal Sea Level Drops 5 mm in 2010

Mean Sea Level (cm)
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From Boening et al., GRL, 2012
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2010 and the Big La Nifa

-4
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2010 brought a transition from a
moderate El Nifo to a strong La Niia

From Boening et al., GRL, 2012
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0Sing ‘the Sea Level Budget during

1'he 2010 dr'o .
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From Boening et al., GRL, 2012




JACE Shows change'in water:
zom" March 2010, tor March»2011

=2 5
[mm-H20]

-150 -100 —5I0 6 50 100 150
Mass in centimeters of water thickness

From Boening et al., GRL, 2012



Satellite Sea Leyvel Obs &

— Total (altimetry)

—_— Ocean Mass (GRACE -
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Sea Level data from http://sealevel.colorado.edu
Ocean mass (F. Landerer, pers. comm.)



- Deep War

—

700 - 3000 m:
0.07 mm/yr

3 ‘An’ronov et al., GRL, 2005

Purkey & Johnson, J. Climate, 2010
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Linear trend: 0.30 mm/yr
0-3000 m (pentadal)
Linear trend: 0.40 mm/yr
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Total deep warming:
0.17 mm/yr
= 0.14 W/m?




The Sea Level Budge'r

— Thermostenc (Argo)| -
— Altimeter - GRACE
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Includes 0.17 mm/yr trend from deep ocean
(>than 700) m as in Church et al. (2011)




ergy Balance
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Energy Imbalance (W/m2)

"'E“ner'gy Balance
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“Energy Balance

& Satellitervs. In Situ

— i —— 0.14 W/m?

8 ol|—Argowilis) +0.14W/m2 S for deep ocean

g |l Jason-GRACE (Church et al., 2011)

NE 1 S T O Sy 4 F B Aot at 19

?g’ ol N A W/mz imb0|0nce
=S ot A NS suggested by
=: 0 M W Trenberth &
K Fasullo seems to

é LAl A contradict

%‘;;_6_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, inferred and

B direct estimates

_8 | ; i i | ;
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year

of ocean warming
Assume 5 mm of thermosteric SL = 3 x 1022 J



“Energy Balance

' SaTelllte vs. In Situ

—CERES

| = Argo (Willis) + 0.f4 W/ng
—Jason - GRACE

Fitting the entire
Argo period
suggest imbalance
of 0.32 W/m?

l
}
Implied Ocean Heat Content (x 10% Joules)

Divergence with
pre-Argo inferred
estimate

_8 ; ; ; | ; ,
2000 2002 2004 2006 2008 2010 2012 2014
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\'Eher'gy Balance

SaTelll‘re vs. In Situ

—CERES : ;
| = Argo (Willis) + 0. L?4, _W/m_zf _________________________________________
Jason —- GRACE

- - - Lovilus et al. (2010) +0.14 W/m2

Inclusion of bias-
corrected XBT
data does not
necessarily shed
any light on
discrepancy in
early record

I“\l\jl

Implied Ocean Heat Content (x 10% Joules)

‘ :

2006 2008 2010 2012

year

2002 2004 2014




0-750 m Ocean Heat Content B
0 Bias-corrected XBTs

included in estimate
since 1993

Was there a slowdown
In ocean warming

during the 2000s?



Warming trends

dliring the 2000s

04-12 trend
1

Atlantic

°C per decade

-60 -40 -20 0

latitude

Upper & mid-depth temp. changes
are wrong sign to be explained by
Meehl et al., Nat. Clim. Ch., 2011
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Implied Ocean Heat Content (x 10% Joules)

““Energy Balance

8

——CERES
6_

= Argo (Willis)
——Jason - GRACE

= 3S0ng & Colberg (201 1)

-8 i
2000 2002
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year

Satellite vse.In Siturd& Model”

Recent model
results suggest
very large amounts
of deep warming
(equal to 1.1 mm/yr
of steric height
below 700 m,
or 1.1 W/m?)




Ocean, Model:
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onc usuons (1 gﬂ.@)"‘a——

» Ocean warming |s a proxy for radiation
imbalance

* Inferred estimate from Jason & GRACE
in good agreement with Argo after 2005

» Satellite & in situ observations suggest
radiative imbalance ~ 0.3 to 0.6 W/m?

oy

"j » Biases & magnitude of deep warming
complicate energy balance pre-Argo
» Interannual to decadal variability in TOA

remains open question



onclusions (2 of 2) .
iclusion (2of 2)7

» Global Mean Sea Level fell by about 5
mm between 2010 and 2011

* Most of the drop was due to transfer of
water from ocean to land

» Sea Level Rise is likely to resume in the

~— next year (depending on La Nifa)
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